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The resonant ion-beam-driven electrostatic ion-cyclotron instability is identified.
Measured dispersion relation and onset versus beam energy and density agree with nu-
merical calculations based on a theory which includes beam-acoustic terms. After am-
plitude saturation, velocity-space diffusion of the beam ions is observed.

We report experimental results on a resonant,
electrostatic ion-cyclotron instability destabi-
lized by a low-energy ion beam injected parallel
to the confining magnetic field into a target plas-
ma. The interpretation is based on a theory
which includes beam acoustic and target ion-cy-
clotron terms and on numerical calculations of
the dispersion relation.

Instabilities driven by ion beams have recently
attracted considerable interest in connection both
with neutral-beam injection for fusion-plasma
heating' and with space physics'. They may scat-
ter particles and waves, effect energy transfer
from beam to fusion plasma, and vary transport
properties of beam and plasma. Ion injection,
although differing from neutral injection in time
evolution of ion-beam density and possibly beam-
velocity distribution, is easier to set up and
should also contribute to the understanding of

neutral injection and of the relevant instabilities
and their effects on the beam-plasma system.
ln isothermal (T, = T, ) fusion and Q-device plas-
mas, ion sound is strongly ion-Landau damped
and not expected to play an important role. ' How-
ever, ion-cyclotron waves can have a higher par-
allel phase velocity and may thus be destabilized
more easily by an ion beam with E~ &AT.

The significant result of the present work is
the detailed identification of the resonant ion-
beam-dr iven electrostatic ion-cyclotron wave
by measurements of ~ and k and of threshold
beam eriergy as function of relative beam densi-
ty. The experiment is shown to be in agreement
with numerical calculations extended from Per-
kins's theory of counterstreaming beams' to in-
clude a beam of variable density injected into a
plasma at rest. After the wave amplitude satu-
rates, the beam's parallel energy distribution
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was observed to flatten in the resonant particle
region.

The theory considers a uniform, low-P, Max-
wellian, target plasma in a constant uniform
magnetic field B, with T, =T„=T,and stream-
ing velocity u„and an ion beam with streaming

velocity u, and velocity spread characterized by

v„, = (2Tett/M)'i', T» ——T,. The ion beam is in-
jected parallel to B in the z direction. All spe-
cies are singly charged so that n, =n«+n„. The
dispersion relation for electrostatic waves prop-
agating almost perpendicularly to B (ki» k ),
for k~p, « I (k~p„ is written

2 2 ao

k, v]

ion beam. Beam and target-plasma densities
can be varied by regulating the neutral densities
impinging on the ionizer plates. Beam-target
ion collisions are negligible since A. fp 10L for
F., = 2 V and X, = 2501. for 10 V (I. is the ma-
chine length). The beam is generally injected
on axis. For the target plasma, n=10 cm ',
T, = T, =0.3 eV, the relative beam density is n, /
n, = 0.1-5, and E,/E, =0-10'. Probes are used
to measure T„T„n«, n, e (determined with ro-
tating, plane collectors), instability amplitudes
and frequencies, and their radial profiles. An
ion-energy analyzer (2 mm diam) with a 1-mm
opening can be turned into beam, target, and
perpendicular directions and moved radially.
Wavelengths are obtained from the phase shift
versus rotation of a double probe (Ai) or versus
distance to an axially or radially moving probe
(x„,x, ).

Figure 2(a) shows measurements of the insta-
bility frequency versus B, for constant u„ taken
well above onset. The observed frequency is be-
low the ion-cyclotron frequency, &u = &u«(1 —A),
as expected from consideration of the target-
plasma drift velocity, (1 —b. )//b = u, /u, . Figure
2(b) displays instability frequency versus ion
beam energy, for B=const. At onset, the fre-
quency is about 35% below &u«, and approach-
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FIG. 1. Diagram of experimental setup.
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plasma dispersion function and I„(A) is the modi-
fied Bessel function of nth order. We note that
the parallel beam temperature decreases as T„l/
T, = (v, '/2u, ') with increased ion-beam energy. '

This dispersion relation covers instabilities
generated by both the kinetic and fluid interac-
tions between the slow beam acoustic term and
the ion-cyclotron mode of the target plasma. '
Instability occurs when beam-ion inverse Landau
damping overcomes tar get-ion cyclotron damp-
ing. Earlier theoretical work' used the approxi-
mation l(tv —k, u, )/(k, v„, )l & 3 for the n=0 beam
term, valid for the fluid regime but discarding
instability based on the beam acoustic mode.
Since the present experimen. t covers the regime
l(~-k, u, )/(k, v, tt)l 1 l(~+k ue ~gt)/(k vt)l
=1, we solved Eq. (1) by numerical computation.
We note that because of the motion of the target
plasma, the cyclotron frequency may be Doppler
shifted (&u = ~«/2 for u, =u„ in the lab frame),
and in addition, cyclotron harmonics may be ex-
cited, so that &u=n&u«(1 —6). However, we ex-
pect lowest threshold for ~=~«(1 —&), the wave
due to coupling between the beam's slow-acoustic
and the target plasma's fundamental ion-cyclo-
tron modes.

The experiments wer e performed on the ther-
mally ionized plasma of the Princeton Universi-
ty Q-1 device converted into a double-plasma
machine"; see Fig. I. A negatively biased
mesh divides the plasma column into a 5-cm-
long beam-extraction plasma and a 120-cm-long
target plasma. The plasma diameter is 3.2 cm
and the confining magnetic field 2-7 ko. When

voltage is applied to the plasma column parallel
to B through the ionizer (end) plates, the biased Beam Voltage

(-20 V) mesh (grid spacing (A. D) prevents elec-
tron flow and the potential drop occurs in the
sheath region of the mesh, thus generating an

320
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FIG. 8. Threshold beam energy versus relative beam
density. The solid line was computed for the measured
value of k~ p;=1.7, at onset. I(~ —k, ub)/k&vt ill= o ~ 5—
3.1.
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FIG. 2. Instability properties. (a) Frequency versus
magnetic field strength. uI, =7@10 cm/sec. (b) Fre-
quency versus ion-beam energy. uI ——(4TO/m)I/, i.e. ,
sound velocity. In the calculation, k~ p; = 0.7= const;
experimentally k~ p; is 1.7 at onset and 0.7 far beyond
onset, with 80% error. (c) Parallel phase velocity ver-
sus beam velocity. Both axes normalized by v =(2T /
M)'~'.

0

es ~«as the target-plasma drift velocity be-
comes negligible relative to the beam velocity
in agr cement with the pr ediction. The r esonance
coupling between beam and phase velocities is
demonstrated in Fig. 2(c), which indicates that
the phase velocity is about 15% below the beam
velocity, in agreement with the computer calcu-
lation. For Weibel's' purely growing mode, the
beam velocity is u, = 2oI/O, when transformed to
the experimental coordinates. We also measured
A.

II
versus B, for constant beam energy, and

fOund the prediCted behaViOr A.
~~

cc 1/&O«. Spatial
growth of the wave was observed with the expect-
ed growth rate; converted to temporal growth
rate, ) /cue, . =0.03 at maximum. The wave is lo-
calized in the interior of the ion beam, with a

maximum amplitude n/n= 15/g. The radial wave-
leng(h was comparable to the beam diameter so
that k~p, =1 as expected.

Figure 3 shows normalized threshold beam ve-
locity as function of normalized beam density
for constant B. Onset occurs at lowest beam
velocity for. approximately equal densities of
beam and target plasma. We note that two col-
liding, equal-temperature plasmas or beams
would produce a symmetrical, parabolic u, ver-
sus inn, /n, plot. If, however, one of the plasmas
(the beam) is reduced in (parallel) temperature
(by acceleration), the increased inverse Landau
damping leads to an asymmetric plot with lower
onset values. Ion-beam-driven ion- cyclotr on-
wave results reported previously' were limited
both experimentally by the setup and theoretical-
ly by the "cold-beam-cold-plasma" theory used
or described different instabilities. 9 We also
note that a mode at ~ =0 due to coupling of ion-
acoustic-target and ion-cyclotron-beam terms
at about zero frequency is suggested by Eq. {1).
This mode could not be observed because of
strong ion-Landau damping arising from T = T, .$t e'

Figure 4 shows the parallel energy spread (nor-
malized by the initial value) of the ion beam as a
function of beam energy. Since the instability is
excited at the expense of parallel ion-beam ener-
gy by inverse ion-Landau damping, one expects
deterioration of the beam energy at the fully de-
veloped stage of the instability. At this stage the
instability satisfies the qualitative condition for
the presence of nonlinear effects [co = (2ecp/trap
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and beam spread narrow) but steady-state opera-
tion may lead to stable, wide, velocity distribu-
tions. In linear basic-research devices, effects
on the target plasma due to beam injection cannot
be detected easily, because of the insufficient
confinement. However, increased energy trans-
fer from the beam has been demonstrated in this
work, which might affect better confined plasmas.

We thank Dr. F. W. Perkins for helpful discus-
sions and Dr. H. P. Eubank, Dr. H. P. Furth,
and Dr. T. H. Stix for critical reading of the man-
uscript.
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FIG. 4. Beam-energy spread with onset of instability.
(a) Beam-energy distribution before onset and with
saturated instability. (b) Beam-energy spread (nor-
malized by the spread at E&——1 eV) and instability am-
plitude versus beam energy. Filled circles, n~/n~ ~2,
instability present; crosses, n&/n& ——7, instability ab-
sent.

M)' (2m/X, ~) =h, v, (n/n)'I » y]. The nonlinear
wave-particle interactions were observed as flat-
tening (velocity-space diffusion) of the beam dis-
tribution function on the low-energy side where
the resonant particles exist, Fig. 4(a), which
cannot be explained by a fluid theory.

Several important considerations arise from
this work. The instability observed here may
occur in neutral-injection fusion-plasma heating.
The low threshold values of u, /u, measured are
due to the reduction of beam parallel temperature
with beam acceleration. As the beam density is
increased to about 10%%uo of the target-plasma den-
sity, the instability can be excited, depending on
the shape of the distribution function, i.e., tran-
sient (narrow beam spread) or steady-state (wide-
spread, small-slope) ion beam. Colliding-beam
tokamaks" may be expected to be unstable during
the transient switch-on phase (density ratio is 1
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